Although ovarian cancer is the most lethal gynecologic malignancy in women, little is known about how the cancer initiates and metastasizes. In the last decade, new evidence has challenged the dogma that the ovary is the main source of this cancer. The fallopian tube has been proposed instead as the primary origin of high-grade serous ovarian cancer, the subtype causing 70% of ovarian cancer deaths. By conditionally deleting Dicer, an essential gene for microRNA synthesis, and Pten, a key negative regulator of the PI3K pathway, we show that high-grade serous carcinomas arise from the fallopian tube in mice. In these Dicer-Pten doubleknockout mice, primary fallopian tube tumors spread to engulf the ovary and then aggressively metastasize throughout the abdominal cavity, causing ascites and killing 100% of the mice by 13 mo. Besides the clinical resemblance to human serous cancers, these fallopian tube cancers highly express genes that are known to be up-regulated in human serous ovarian cancers, also demonstrating molecular similarities. Although ovariectomized mice continue to develop high-grade serous cancers, removal of the fallopian tube at an early age prevents cancer formation-confirming the fallopian tube origin of the cancer. Intriguingly, the primary carcinomas are first observed in the stroma of the fallopian tube, suggesting that these epithelial cancers have a mesenchymal origin. Thus, this mouse model demonstrates a paradigm for the origin and initiation of high-grade serous ovarian carcinomas, the most common and deadliest ovarian cancer.
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epithelial ovarian cancer | oviduct | mesenchymal-to-epithelial transition | carcinoma initiation E pithelial ovarian cancer, accounting for 90% of all ovarian tumors, is grouped into four major histologic types: serous (70%), endometrioid (10-15%), clear-cell (10%), and mucinous (3%) carcinomas (1) . The serous-type cancers are also overwhelmingly high-grade (90%)-the culprit of 70% of ovariancancer deaths and a key contributor to an overall ovarian cancer 5-yr survival rate of 31% (2) (3) (4) . Most cases of high-grade serous ovarian cancers are diagnosed at advanced stages, when the tumors have already metastasized. Despite the steady improvement of surgery and chemotherapy, >90% of women with advanced ovarian cancers die after the cancer relapses (5) . Early detection of these high-grade serous carcinomas is thus key to reducing ovarian cancer deaths (6) . However, the origin and molecular pathogenesis of these high-grade serous ovarian cancers are largely unknown (1, 6) .
Despite widespread peritoneal metastasis commonly seen in ovarian cancer at diagnosis, the ovary has long been considered the primary origin of this cancer-hence the name ovarian cancer. However, precursor lesions have not been identified in the ovary (1, 7) . Over the past decade, new evidence has emerged to propose a different source of ovarian cancer: the fallopian tube (7, 8) . After women with hereditary breast and ovarian cancer-susceptibility gene (BRCA1, BRCA2) mutations have their ovaries and fallopian tubes prophylactically removed to prevent ovarian cancer, early serous carcinomas have been found in the fallopian tube-not in the ovary (8) . Further studies demonstrated early serous lesions of fallopian tube origin in 64-71% of nonhereditary high-grade ovarian serous carcinomas (9, 10) . These studies have spawned a notion that the fallopian tube is a potential primary site of origin of high-grade serous carcinomas (7, 8) . Intriguing as this theory is, the direct evidence is still lacking that the fallopian tube not only can initiate but, beyond that, can also advance de novo to the full-spectrum metastatic malignancy of high-grade serous carcinomas.
In the present study, we provide direct evidence to this "fallopian tube hypothesis." When Dicer and Pten are conditionally disabled with Amhr2-Cre in mice, high-grade serous carcinomas arise from the fallopian tube. These primary fallopian tube cancers subsequently spread to the ovary and then aggressively metastasize throughout the abdominal cavity, leading to ascites and 100% lethality. In addition to these clinical similarities to the human cancer, gene expression analyses also affirm that these fallopian tube tumors resemble human serous ovarian cancer at the molecular level. Moreover, in these Dicer-Pten doubleknockout (DKO) mice, the primary epithelial cancers originate in the stroma of the fallopian tube, suggesting that the cancers arise from cells of a mesenchymal lineage (i.e., cell of a nonepithelial lineage). Our study thus presents a paradigm for the origin and initiation of deadly high-grade serous ovarian cancer.
Results and Discussion
Using a mouse model, we show herein clear evidence that the fallopian tube is the origin of high-grade serous carcinoma. When Dicer, the RNase III essential for the conversion of premiRNAs to mature miRNAs, and Pten, a tumor suppressor inhibiting the PI3K pathway, were disabled in the female reproductive tract by using anti-Müllerian hormone receptor type 2-directed Cre (Amhr2-Cre), these Dicer-Pten DKO (Dicer flox/flox Pten flox/flox Amhr2 cre/+ ) mice universally develop early serous carcinomas in the fallopian tube (Fig. 1B) . In contrast, the DKO ovaries are grossly distinguishable from these fallopian tube serous carcinomas and show no gross and histologic evidence of tumor ( Fig. 1 B and C and Fig. S1 ). The fallopian tube tumors are unique to the DKO mice because Amhr2-Cre deletion of Dicer alone leads to diverticuli in the fallopian tube and no tumors (11) , and disabling only Pten fails to cause a tumor phenotype in the ovary or fallopian tube (12) . In DKO mice, these fallopian tube cancers subsequently spread to envelop the ovaries, and then aggressively metastasize throughout the ab- dominal cavity, including the mesentery and pancreas, with prominent cancer lesions on the diaphragm and peritoneal membrane (Fig. 1E) , a membranous site analogous to the omentum-a common implantation environment for metastases in women with ovarian cancer. After developing ascites (Fig.  1A) , 100% of the DKO females die from the metastatic cancers between 6.5 and 13 mo (Fig. 1F) . These DKO mice thus present with similar cancer manifestations and progression as women with high-grade serous ovarian cancers.
Histologically, these primary and metastatic cancers in the DKO mice are confirmed as high-grade serous carcinomas-or as undifferentiated carcinomas in some cases. The tumors are characterized by complex papillae and glands forming slit-like spaces and solid sheets of tumor cells (Fig. 1 G-J) with pleomorphic nuclei, prominent nucleoli, and high mitotic activitythe cardinal features of high-grade serous ovarian cancer in women ( Fig. 1 H-J and Fig. S2A ). These high-grade serous carcinomas are reproducible in vivo. When cells isolated from primary tumors, ascites, or metastatic tumors were injected intraperitoneally into immunocompromised (NOD SCID) or immunocompetent mice, the injected mice (11 of 11 mice for NOD SCID; 9 of 13 for immunocompetent mice) developed histologically identical high-grade serous carcinomas (Fig. S2B) . Thus, our Dicer-Pten DKO model develops high-grade metastatic serous carcinomas from the fallopian tube that phenotypically and histologically mirror high-grade serous ovarian cancer in women.
Moreover, these mouse serous carcinomas resemble human serous carcinomas at the molecular level. Many genes known to be up-regulated in human serous carcinomas are also highly expressed in the DKO mouse serous carcinomas. Analyzing microarray gene expression profiles between the mouse fallopian tube carcinomas and human ovarian serous cancers yields a list of known, up-regulated genes shared by these mouse and human cancers. Some of these up-regulated genes are secreted or transmembrane proteins (Table 1 ). The list shows several known important genes in serous ovarian cancer: secreted phosphoprotein 1 (Spp1), CA125 (Muc16), folate receptor 1 (Folr1), and chemokines such as Cxcl9, Cxcl10, and Ccl8. To further confirm molecular similarities between the mouse and human cancers, we performed gene set enrichment analysis (GSEA)-a robust analysis comparing independent gene-expression datasets (13)-using the genes up-regulated or down-regulated more than twofold from the mouse DKO serous carcinoma dataset and the human TCGA serous ovarian cancer dataset 1. In this global analysis, the gene expression profiles of mouse fallopian tube cancers shared widespread similarities to those of human serous ovarian cancers (GSEA; P < 0.001, Fig. S3 ). Thus, this molecular similarity of mouse serous cancers to the human cancer strengthens our conclusion that the fallopian tube is a site for the initiation and development of high-grade serous carcinomas.
As expected in these Pten-Dicer DKO mice, Pten absence also disrupts the tight regulatory loop comprising PTEN (phosphatase) and PI3K (kinase). The resulting activation of the PI3K pathway, the signaling pathway known to be altered in 45% of high-grade ovarian carcinomas (14) , leads to aberrantly activated AKT and increased phosphorylation of AKT downstream proteins known to be highly expressed in ovarian cancer including STMN1 (stathmin) and BIRC5 (survivin) ( Fig. 2A) .
To further understand the relevance of PTEN and DICER in human high-grade serous ovarian cancers, we analyzed the copy number changes of PTEN and DICER in the 481 cancers in the TCGA database (14) . Both PTEN and DICER demonstrate frequent allele loss in the human cancers (Fig. 2B )-results that are consistent with frequent mutations in the PI3K pathway in high-grade serous ovarian cancer (14) and the association of low DICER levels with advanced ovarian cancer and poor patient survival (15) . Fittingly, as shown in our mouse model, a combined deletion of Dicer and Pten produces highly aggressive metastatic serous carcinomas that closely resemble the human serous cancers. To confirm the fallopian tube origin of these serous carcinomas, we unilaterally or bilaterally removed either ovary or fallopian tube from DKO mice ( Table 2) . When ovaries are removed unilaterally from DKO mice at postnatal weeks 6-11, tumors continue to form in the fallopian tube in 10 of 11 mice with the same metastatic potential as tumors from DKO mice with intact ovaries (Fig. 3A and Table 2 ). In contrast, upon unilateral removal of the fallopian tube, cancers fail to form-despite the presence of the ovary, whereas the other side with both ovary and fallopian tube intact still develops cancers (9 of 10 mice) (Fig. 3B and Table 2 ). Even when both ovaries are removed from DKO mice, metastatic serous carcinomas initiate and develop in the fallopian tubes in the absence of ovarian steroids, similar to the postmenopausal development of most serous cancers in women (Fig. 3C and Table 2 ; 8 of 11 mice). When both fallopian tubes are removed with both ovaries left intact, however, none of the DKO mice develop cancer ( Fig. 3D and Table 2 ; 17 mice; 14-16 mo to date). Together, these results further confirm that high-grade serous carcinomas in DKO mice arise from the fallopian tube.
Our model also suggests a unique mechanism of cancer initiation. To define the cellular origin of these serous carcinomas, we analyzed Dicer-Pten DKO mice at earlier time points before development of ascites and metastasis. Although the serous tumors in DKO mice are clearly epithelial cancers, histological analysis of the fallopian tubes from the DKO mice at earlier ages shows that the abnormal proliferation begins in the stromal compartment-not in the epithelial layer-of the fallopian tube (Fig. 3 E-P) . During early-tumor formation (Fig. 1B) , the mitotically active cancer cells gradually fill the stromal compartment of the fallopian tube and compress the lumen (Fig. 3 E and  J) . The appearance of these cancer cells in the stromal compartment is consistent with the Cre activity in the mesenchymalderived stroma of the fallopian tube and uterus where Amhr2 is expressed (16) . Besides being highly proliferative (Fig. 3J) , these tumor cells in the stroma abundantly express several epithelial markers: cytokeratin 14 (KRT14; 198.3-fold increased), cytokeratin 17 (KRT17; 14.3-fold increased), and cytokeratin 8 (KRT8; 1.5-fold increased) that are up-regulated in the microarrays of fallopian tube serous carcinomas from DKO mice (Fig.  3 F, G, I , L, and M). The tumors also express E-cadherin (CDH1), another epithelial marker (Fig. 3K) . In the stromal regions of the fallopian tube that lacked grossly obvious cancer Mean expression levels of independent samples of mouse fallopian tubes (n = 3) and fallopian tube serous cancers (n = 3) are shown. Fold changes in gene expression are compared between mouse fallopian tube cancer and human serous ovarian cancer with their respective fallopian tubes as controls. FT, fallopian tube.
( Fig. 3 O and P) , clusters of histologically confirmed high-grade cancer cells express KRT14 and KRT17 (Fig. 3 L and M) . These early tumor cells show high expression of CA125 (MUC16) (Fig.  3N )-a biomarker known to be elevated in the serum of >80% of patients with ovarian cancer (6) . Collectively, these results suggest an interesting mechanism of tumor initiation in which stromal cells in the fallopian tube undergo a transition to an epithelial cell type during serous carcinoma formation.
During the menstrual cycle in women, a large part of the endometrium is shed, and the remaining endometrium then undergoes extensive regeneration. Mesenchymal stem cells found in the stroma and epithelial progenitor cells are thought to drive this dynamic regenerative capacity of the endometrium (17, 18) . Unlike the epithelial progenitor cells that appear to be locked into an epithelial cell fate, mesenchymal stem cells can give rise to diverse cell types such as smooth muscle cells, adipocytes, chondrocytes, and osteoblasts (18) . In the uterus, mesenchymal stem cells in the stroma appear to differentiate into epithelial cells during endometrial regeneration (19) . Like in the uterus, the Müllerian duct epithelium and mesenchyme likely give rise to the fallopian tube epithelium and stroma, respectively (16) . It is thus plausible that the fallopian tube stroma has mesenchymal stem cells that can differentiate into epithelial cells. However, determining the precise cell of origin of the DKO tumors-whether they arise from a mesenchymal-to-epithelial transition or from mesenchymal stem cell differentiation-will require detailed lineage-tracing experiments.
In addition to defining the tumor origin, this Dicer-Pten DKO mouse model will help to understand the early progression and metastasis of high-grade serous carcinomas. Although mouse models for serous ovarian carcinomas have been reported before (20) (21) (22) , the detailed molecular map underlying this deadly cancer has yet to emerge (7). Our DKO model shows a clear progression of the cancers from the fallopian tube stroma to the ovary and eventual metastasis to peritoneal tissues. This mouse model therefore offers a rare and invaluable opportunity to uncover the molecular mechanisms of this most common and lethal ovarian cancer. A glimpse of this potential is presented in the list of the genes that we identified from the early tumors of DKO mice (Table 1 )-prospective biomarkers for early detection and screening of serous carcinoma. Beyond these early markers, understanding the molecular mechanisms underlying the tumor progression and metastasis will also allow us to discover novel drug targets and pathways for more targeted and effective treatment of advanced ovarian cancers.
There are some unresolved issues in the DKO model in relation to human serous ovarian cancers. Unlike DKO mouse fallopian tube tumors, which arise from cells in the stroma with seeming epithelial characteristics, early carcinoma lesions in humans appear to initiate in the epithelial layer of the fallopian tube (7, 8) . This understanding of the cell origin in the human serous cancer is, however, based primarily on the observation of early carcinomas in the fallopian tubes from women positive for hereditary BRCA1/2 mutations, a genetic alteration found in 10% of ovarian cancer (23) and studies of early tubal serous carcinomas from a limited number of nonhereditary ovarian cancers (9, 10). As mentioned earlier, it has yet to be established that these early fallopian tube carcinomas found in humans could progress into full-blown metastatic serous carcinomas. In light of our finding that cells in the fallopian tube stroma could initiate high-grade serous carcinomas, it would be worth looking into the possibility that nonepithelial cells in the fallopian tube could be a source for initiating serous tumors in nonhereditary human ovarian cancers.
Despite their functional similarity, the human and mouse fallopian tubes respond differently to hormonal changes during the respective menstrual cycle and estrous cycle. The human fallopian tube shows proliferative activity in the epithelium-likely induced by estrogen-during the menstrual cycle (24) . In rhesus monkeys, estrogen stimulates the proliferation of the fallopian tube epithelium (25) . These data may explain why a high number of ovulations correlate with an elevated risk of ovarian cancer in women (26) . The mouse fallopian tube, however, does not proliferate during gonadotropin-induced ovulation (27) , which may account for the relative lack of sporadic epithelial "ovarian" cancer in nonprimate mammals (28) . However, as shown in our study, genetically deleting Dicer and Pten in the fallopian tube causes mice to develop high-grade serous cancer that arises from the fallopian tube. Ovaries or fallopian tubes were surgically removed unilaterally or bilaterally from Dicer-Pten DKO mice at 6-11 wk of age and examined for tumor development. Fisher's exact test was used to analyze the statistical significance in different tumor occurrences between groups. Different letters indicate statistically significant difference between groups (P < 0.0001); same letters no significant difference. *One other mouse also died after developing tumor, but no tumor was found from the side where the ovary was removed; thus, it was not counted as tumor development.
† Three live mice were sacrificed at 15 mo. All three mice had fallopian tube tumors; one of these mice also had peritoneal metastases with accumulating ascites. ‡ Despite tumor development from the side with intact ovary and fallopian tube, no tumor was observed on the other side after fallopian tube removalwith ovary alone.
Because cancer is a genetic disorder driven by mutations, this DicerPten DKO mouse model will be useful to understand the detailed molecular mechanisms underlying the origin and progression of human high-grade serous ovarian cancer. If the fallopian tube is confirmed as the primary source of high-grade human serous carcinoma, as shown in our mouse model, this finding will certainly benefit clinical practice. In the United States, 55% (300,000) of all women undergoing a hysterectomy annually for benign uterine disease also choose to have their ovaries and fallopian tubes removed to lower the risk of ovarian cancer. However, hysterectomy with bilateral salpingo-oophorectomy elevates overall mortality, likely owing to loss of ovarian function (29) . Thus, removing only the fallopian tubes while preserving the ovaries is likely to benefit both premenopausal and menopausal women (30) .
Another puzzling aspect of our Dicer-Pten DKO mouse model is the role of the p53 tumor suppressor. In human high-grade serous ovarian cancer, the p53 tumor suppressor gene (TP53) is frequently mutated (14) , leading to accumulation of the mutant p53 protein (31) . In our model, however, the expression of p53 (Trp53) is low in the mouse serous carcinomas. Because p53 was reported to act upstream of DICER in mediating miRNA function (32) , it is possible that Dicer deletion in our DKO model may substitute for loss of p53 function.
However, although p53 mutations are believed to play a critical role in ovarian cancer (14) , there is little direct evidence that p53 mutations drive tumor initiation in ovarian cancer. Human genetics studies show that there is no increased incidence of ovarian cancers in women with germ-line p53 mutations, which lead to Li-Fraumeni Syndrome, a hereditary condition characterized by a wide spectrum of tumors (33) . In a study of 501 individuals from 28 families prone to Li-Fraumeni Syndrome, ovarian carcinoma was found in only 1 case of the 148 tumors (0.7%) (34) . Similarly, another extensive study of 185 people carrying germ-line p53 mutations identified ovarian tumors in a mere 8 cases of 738 tumors (1.1%) (35) . Likewise, in mouse models, serous ovarian cancers have not been reported in mice harboring p53 mutations that model Li-Fraumeni syndrome or mice bearing p53-null mutations despite a wide range of tumors reported in both of these models (36, 37) . Moreover, an ovarian cancer mouse model-in which both Trp53 and Rb genes were conditionally deleted only in the ovarian surface epithelium-was initially reported to have developed serous adenocarcinomas (38) . However, an independent study failed to reproduce this finding; instead, deletion of Trp53 and Rb produced ovarian leiomyosarcomas (39) . Another mouse study conditionally deleting Trp53 and Brca1 also resulted in leiomyosarcomas or sarcomas of the ovary (40) . Thus, contrary to the common notion of p53 importance in ovarian cancer, it still remains to be clarified whether p53 mutations are drivers for serous cancers.
In conclusion, our study opens another chapter to better understand the molecular origins and progression of deadly highgrade serous ovarian carcinomas. We have genetically uncovered an in vivo progression of high-grade serous epithelial cancer, which begins from lesions in the fallopian tube and then spreads to the ovaries, ultimately leading to widespread peritoneal metastases and ending in death. Besides identifying the fallopian tube as the origin of this cancer, our study also suggests a rather intriguing possibility of serous carcinoma initiation-that epithelial cancers derive from cells in the stroma. Furthermore, because high-grade serous cancers are typically diagnosed at advanced stages with resulting high mortality, our mouse model will help identify biomarkers for early detection and screening and also discover new, effective drug targets in treating advanced high-grade serous cancers. Our model will thus be important for translational inroads, fundamentally changing the way we screen, diagnose, and treat the most common and deadliest form of "ovarian" cancer.
Materials and Methods
Dicer-Pten DKO mice were generated by breeding of three genotypes: Dicer . Tumor-forming ability of the highgrade serous cancers in Dicer-Pten DKO was tested in severe combined immunodeficiency (NOD SCID) or immunocompetent (C57BL/129Sv) mice. The highgrade mouse serous carcinomas were histologically examined and confirmed by H&E staining of formalin-fixed paraffin sections. These tumor sections were further analyzed by immunohistochemistry in which critical protein markers of high-grade serous carcinomas were localized in the early tumor lesions by using specific antibodies. Microarray analysis was used to identify significant early gene-expression changes in the DKO fallopian tube tumors (41) . GSEA was executed by using public software from the Broad Institute (http://www.broad. mit.edu/gsea/) (13) . Western blot analyses of whole-cell extracts of these tumors were performed to confirm the overactivation of the PI3K signaling. Experimental details are provided in SI Materials and Methods.
